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Abs t r ac t  

T h i s   p a p e r   d e s c r i b e s   s i m p l e   s u f f i c i e n t  con- 
d i t i o n s   f o r   s t a b i l i t y  and i n s t a b i l i t y   o f   i n t e r -  
connec t ions .  The c e n t r a l  theme is  t h e   n o t i o n   o f  
" d i s s i p a t i v e n e s s "   o f   t h e   s u b s y s t e m s  - a p rope r ty  
w h i c h   i n c l u d e s   f i n i t e   g a i n ,   p a s s i v i t y ,   c o n i c i t y  
and some o t h e r   v a r i a n t s  as s p e c i a l   c a s e s .  

1. I n t r o d u c t i o n  

This   paper  is  concerned   wi th   the   input -output  
s t a b i l i t y  of   in te rconnec ted   sys tems.   For   b rev i ty ,  
we w i l l  n o t   a t t e m p t   t o   s u r v e y   t h e   e x t e n s i v e   a n d  
g r o w i n g   l i t e r a t u r e   i n   t h i s   f i e l d ,   b u t  i t  is  
p o s s i b l e   t o  make one impor t an t   obse rva t ion :  
i n v a r i a b l y ,   i n p u t - o u t p u t   s t a b i l i t y  tests f o r  
i n t e rconnec ted   sys t ems  s ta r t  f r o m   t h e   p o s t u l a t e  
t h a t   t h e   b e h a v i o u r   o f   t h e   s u b s y s t e m s  is  
imper fec t ly  known. Th i s  may well r e f l e c t   p h y s i c a l  
r e a l i t y ;  more  importantly,   though, i t  r e f l e c t s  a 
r e c o g n i t i o n   t h a t ,   i f   o n e   u s e d   d e t a i l e d   e q u a t i o n s  
t o   d e s c r i b e   t h e   s u b s y s t e m s ,   t h e   r e s u l t i n g   s y s t e m  
d e s c r i p t i o n  would  be so c o m p l e x   t h a t   a n y   s t a b i l i t y  
tests so  derived  would  be  massive  and  unwieldy. 
To avo id   an   i n fo rma t ion   exp los ion ,   t he   u sua l  
approach is  to   u se   on ly   one   o r  two p a r a m e t e r s   f o r  
each   subsys tem,   spec i fy ing   bounds  on subsystem 
responses .  The r e s u l t i n g   s t a b i l i t y   c r i t e r i a   g i v e  
m e r e l y   s u f f i c i e n t   c o n d i t i o n s   f o r   s t a b i l i t y  
( r a t h e r   t h a n   n e c e s s a r y   a n d   s u f f i c i e n t   c o n d i t i o n s ) ,  
b u t   t h i s  i s  t h e   i n e v i t a b l e   r e s u l t  of t r y i n g   t o  
make t h e  tests s imple .  

For  example, many of t h e  known tests a r e  
"small g a i n "   c r i t e r i a .  Each  subsystem is  
descr ibed   by   on ly  one parameter,   which is  a 
bound on i ts  input -output   ga in .  Some o t h e r  tests 
are based on a s s u m i n g   p a s s i v i t y ,   o r   c o n i c i t y ,  
of   the   subsystems.   Again,   these  assumptions 
c o r r e s p o n d   t o   t h e   e x t r a c t i o n   o f  one or two 
pa rame te r s   t o   desc r ibe   each   subsys t em.  

Th i s   sugges t s   an   unde r ly ing  theme t o  a l l  t h e  
known input -output   approaches .  Our con ten t ion  
is t h a t  a u n i f y i n g   f a c t o r  i s  t h e   p r o p e r t y   o f  
" d i s s i p a t i v e n e s s " .   T h i s   p r o p e r t y ,   t o   b e   d e f i n e d  
be low,   i nc ludes   f i n i t e   ga in ,   con ic i ty   and  
p a s s i v i t y  as s p e c i a l  cases. Consequently,  one 
can s t a t e  a g e n e r a l   s t a b i l i t y   c r i t e r i o n  [l] which 
inc ludes  many o f   t h e   p a s t   p u b l i s h e d   c r i t e r i a  as 
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s p e c i a l   c a s e s .  

The expos i t i on   p roceeds  as f o l l o w s :   a f t e r  
g iv ing  some b a s i c   d e f i n i t i o n s ,  i t  w i l l  be  shown 
t h a t   t h e r e  is a s i m p l e   s t a b i l i t y  test  f o r  
d i s s i p a t i v e   s y s t e m s .  A r e l a t e d   i n s t a b i l i t y   t h e o r e m  
w i l l  a l s o   b e   g i v e n .  It w i l l  then  be shown t h a t ,  
f o r  a composite  system  which i s  a l i n e a r   i n t e r -  
connec t ion   o f   subsys t ems ,   d i s s ipa t iveness   o f   t he  
s u b s y s t e m s   i m p l i e s   d i s s i p a t i v e n e s s   o f   t h e   o v e r a l l  
s y s t e m .   T h i s   a l l o w s   s t a b i l i t y   a n d   i n s t a b i l i t y  
c r i t e r i a   t o   b e   g i v e n   f o r   i n t e r c o n n e c t e d   s y s t e m s .  
The s t a b i l i t y   r e s u l t  is  c l o s e l y   r e l a t e d   t o   t h a t  
i n  111; t h e   t r e a t m e n t  of i n s t a b i l i t y  i s  new. 

The re   a r e   a l so   po in t s   o f   con tac t   be tween   t he  
p r e s e n t  work  and t h a t   o f  Willems - see for  example 
[ 2 ,  31.  Wil lems,   who 'or ig ina ted   the  
d i s s i p a t i v e n e s s   c o n c e p t ,  was very   l a rge ly   concerned  
w i t h   t h e   r e l a t i o n s h i p   b e t w e e n   d i s s i p a t i v e n e s s  
and  Lyapunov s t a b i l i t y .  The present   approach ,  
w h i c h   f o l l o w s   m o r e   i n   t h e   s p i r i t  of [ 1 , 4 ] ,  i s  
conce rned   ma in ly   w i th   i npu t -ou tpu t   s t ab i l i t y .  

2 .  D e f i n i t i o n s  

Let S ,  S and T b e   t h r e e   g i v e n   s p a c e s ,  
where S c Se a real  inner   p roduct   space  
( a l t h o u g h   i n   g e n e r a l  Se is  no t   an   i nne r   p roduc t  
space) .   Also l e t  P b e  a fami ly  of p r o j e c t i o n s ,  
s u c h   t h a t   f o r   e v e r y  (?), T, PT maps S i n t o  S. 
That i s ,  f o r  a l l  u E S and a l l  T E ?, we have 
PTU E s .  

In fo rma l ly ,  T i s  the   " t ime   l i ne" ,   and  
can  be  thought  of as an   opera tor   which   t runca tes  
a s i g n a l  a t  time T. (However, w e  do   no t   w i sh   t o  
f o r m a l l y   r e s t r i c t  T t o   b e i n g   t h e   r e a l   l i n e ,  
s i n c e   t h i s  would p r e c l u d e   a p p l i c a t i o n   o f   t h e   t h e o r y  
t o   a r e a s   l i k e   m u l t i - d i m e n s i o n a l   f i l t e r s ) .  Se i s  
our   s igna l   space ,   and  S is  t h e   s p a c e  of 
"bounded s ignals" .   Obviously,  a s tudy  of  
i n s t a b i l i t y   r e q u i r e s   u s   t o   a l l o w   t h e   p o s s i b i l i t y   o f  
unbounded s i g n a l s  - t h a t  i s ,  s i g n a l s  which l i e  i n  
Se b u t   n o t   i n  S. 

pT 

For   any   in teger  n ,  l e t  Sn d e n o t e   t h e  
space  of n - tup le s   ove r  S (and s i m i l a r l y   f o r  
S z ) .  For u = (u l ,   up ,  .. . , u ) E Sn and 
v = ( v l ,  v2, . . . , vn) E S", dzf  i n e  



n 
<u,   v> = 1 <Ui, v i i=l 

and 

P u = (PTU1, PTU2, ..., p u 1 T T n  

Also le t  <u,  v>  denote  <PTu, PTv>. I t  is  
assumed t h a t  P h a s   t h e   p r o p e r t i e s  
<P u,  v> = <u, TTv> = <P u ,  pTv> f o r  a l l  u ,  v E <, 
and 1 IuI I T  5 I1u1I f o r  a l l  u E Sn and a l l  
T E T where I IuI I and  IIu1 1 d e n o t e   t h e   q u a r e  
roo t s   o f   <u ,  Ind   <u ,   u>   r e spec t ive ly .  

T T 

A system G, w i t h  m inputs   and  p o u t p u t s ,  
nay   be   descr ibed  as a s u b s e t   o f  x 5':; t h a t  is, 
as a c o l l e c t i o n   o f   p o s s i b l e   i n p u t - o u t p u t   p a i r s  
(u,  y)  where u E $ and y E Sp. 

I n   d i s c u s s i n g   s t a b i l i t y ,  i t  i s  u s e f u l   t o   r e f e r  
t o   t h e  set 

K ( G )  = (u E s" : y E Sp and  (u,   y) E GI 

D e f i n i t i o n :  G is  s t a b l e   i f f  K ( G )  = s". 
D e f i n i t i o n :  G is  c a u s a l   i f f  P y1 = P yp, 
f o r  a l l  (u1,  y1) E G, ( U P ,   Y Z )  E G 

T T 
s u c h   t h a t  P u1 = PTup,  and a l l  T E T. 

F o r   t h e   n e x t  two d e f i n i t i o n s ,   l e t  

T 

Q: Sg -+ S i ,  S : c -+ SE and R : -+ $ be  

memoryless  bounded l i n e a r   o p e r a t o r s ,   w i t h  Q 
and R s e l , f - ad jo in t .  (And w i t h   t h e  term 
"memoryless"   def ined  in  terms o f   c a u s a l i t y   i n  
t he   u sua l   way) .  

Def in i t i on :  G is  (Q, S ,  R) - d i s s i p a t i v e  
i f f  

Cy, Q Y > ~  + 2<y, Su> + <u,  Ru> 2 0 

f o r  a l l  T E T and a l l  (u,   y) E G. 

D e f i n i t i o n :  G is  (Q, S ,  R) - 
c y c l o d i s s i p a t i v e   i f f  

<y ,  Qy> + 2<y, Su> + <u,  Ru> 2 0 (2) 

f o r  a l l  (u ,   y)  E G s u c h   t h a t  u E K ( G ) .  

With  var ious  choices   of  Q ,  S and R ,  i t  

T T (1) 

should  be clear t h a t   d i s s i p a t i v e n e s s   e m b r a c e s  
concepts   such as p a s s i v i t y  and c o n i c i t y  [ 5 ] .  In 
p a r t i c u l a r  l e t  Q = -k21  (where k is  a s c a l a r  
and I d e n o t e s   t h e   i d e n t i t y   o p e r a t o r ) ,  S = 0 
and R = I. Then t h e   d e f i n i t i o n   o f   d i s s i p a t i v e n e s s  
r e d u c e s   t o  1 Iy1 I 5 kl ( u l  I T .  I n   t h i s   c a s e  we say  
t h a t  G h a s   f i n i T e   g a i n ,   w i t h   a n   u p p e r   g a i n  
bound  of  k. 

I n   t h e   f o l l o w i n g  two s e c t i o n s ,  we s h a l l  
r e q u i r e   t h a t   t h e r e   e x i s t s  E 2 0 s u c h   t h a t  
<y, QY> 5 - E I  1yI I f o r  a l l  y E sP. I f  E = 0, 
t h e n   t h e   o p e r a t o r  Q is  n o n p o s i t i v e   d e f i n i t e .  

I f  E is  s t r i c t l y   p o s i t i v e ,   t h e n  Q is n e g a t i v e  
d e f i n i t e   a n d   h a s  a bounded  inverse .   For   b rev iby ,  
w e  s h a l l   u s e   t h e   t e r m   " s t r i c t l y   n e g a t i v e   d e f i n i t e "  
t o   d e s c r i b e   a n   o p e r a t o r  Q w h i c h   s a t i s f i e s   t h e  
a b o v e   i n e q u a l i t y   f o r  some E > 0 .  

N o t i c e ,   i n c i d e n t a l l y ,   t h a t   i f  Q is  n e g a t i v e  
d e f i n i t e   t h e n   d e f i n i t i o n s  (1) and (2)  r e q u i r e  
t h e   s y s t e m   t o   b e   u n b i a s e d   ( i n   t h e   s e n s e   t h a t   z e r o  
inpu t   imp l i e s   ze ro   ou tpu t ) .   @ne  way of   a l lowing  
f o r   o u t p u t   b i a s  i s  t o   r e p l a c e   t h e   z e r o  on t h e   r i g h t  
s i d e  of (1)  and ( 2 )  b y   a n   a r b i t r a r y   c o n s t a n t ,  
and t o   d e f i n e   f i n i t e   g a i n   v i a   t h e   i n e q u a l i t y  
I IyI I T  5 k l  I IuI I + kp. To keep   t he   no ta t ion   s imple ,  

we s h a l l   i g n o r e   T h i s   p o s s i b i l i t y   i n   t h e   f o l l o w i n g  
s e c t i o n s .  

3 .  S t a b i l i t y  and I n s t a b i l i t y  

The e x a c t   r e l a t i o n s h i p   b e t w e e n   s t a b i l i t y   a n d  
f i n i t e   g a i n  is n o t   e n t i r e l y   t r i v i a l ;   b u t   t o   a v o i d  
d i g r e s s i o n s  we s h a l l   n o t   e x p l o r e   t h i s   q u e s t i o n .  I t  
s u f f i c e s   h e r e   t o   s t a t e   t h a t   f i n i t e   g a i n  is g e n e r a l l y  
c o n s i d e r e d   t o   b e  a s t r o n g   f o r m   o f   s t a b i l i t y .  The 
" s t a b i l i t y "   r e s u l t s  of t h i s   p a p e r   a r e   a c t u a l l y  
" f i n i t e   g a i n "   r e s u l t s .   N o t e ,   i n c i d e n t a l l y ,   t h a t  
Theorem 1 is c l o s e l y   r e l a t e d   t o   r e s u l t s   i n   [ l ] ,  [ 6 ] .  

Theorem 1: I f  a system G i s  (Q, S ,  R) - 
d i s s i p a t i v e   f o r  some s t r i c t l y   n e g a t i v e  
d e f i n i t e  Q ,  then  i t  h a s   f i n i t e   g a i n .  

h.oof: I f  Q is  s t r i c t l y   n e g a t i v e   d e f i n i t e ,  
t hen  i t  i s  a r e l a t i v e l y   s i m p l e  matter t o  mani u l a t e  
t h e   i n e q u a l i t y  (1) i n t o   t h e   f o r m   < y ,  y>T < - k <u,  u > ~ ,  
f o r  a scalar k depending on t h e  n o m s  of Q ,  S ,  R. 

F 

Theorem 2: I f  G is  causa l   and  (Q, S ,  R) - 
c y c l o d i s s i p a t i v e   f o r  some nonpos i t i ve  
d e f i n i t e  Q ,  bu t  i s  no t   (9 ,  S ,  R)  - 
d i s s i p a t i v e ,   t h e n  i t  is  n o t   s t a b l e .  

Proof: Sbppose  that  G is  c a u s a l ,  
c y c l o d i s s i p a t i v e ,   a n d   s t a b l e .  Then fo r   any  
u E and  any T-E T, s t a b i l i t y   i m p l i e s   t h a t  
P u = K ( G ) .  Let y be   an   ou tpu t   co r re spond ing  
t o  PTu; t h a t  is, we have  (u,   y) E G and 
(PTu, 3 E G .  Then (2)  becomes 

T 

<y ,  Qy> + 2<7, SPTu> + <PTu, RP u> 2 0 
- c  

T 

Now c a u s a l i t y   i m p l i e s   P T y  = PTy, so w e  have 

'7, Q7> + 2<y, Su> + <u,  R u > ~  2 0 T 

With 0 n o n p o s i t i v e   d e f i n i t e ,   t h i s   i n e q u a l i t y  
i m p l i e s   i n e o u a l i t y   ( 1 ) .   T h a t  i s ,  o u r   o r i g i n a l  
assumptions  imulv  that  C, i s  d i s s i p a t i v e .  Conver- 
s e l y ,   i f  G i s  n o t   d i q s i n a c i v e ,   t h e n  i t  cannot   be 
s t a b l e .  

No t i ce   t ha t   t he   above  two r e s u l t s   a r e   n o t  
c o m p l e t e l y   c o m p l e m e n t a r y ,   i n   t h a t   t h e   s t a b i l i t y  
r e s u l t   r e f e r s   t o   f i n i t e - g a i n   s t a b i l i t y ,   b u t   t h e  
i n s t a b i l i t y   r e s u l t   d o e s   n o t .  Alsob c a u s a l i t y  
a p p e a r s   t o   b e   e s s e n t i a l   i n  Theorem 2 ,  bu t  i s  n o t  

682 



needed   in  Theorem 1. The i s s u e s   r a i s e d  by   these  
d i s c r e p a n c i e s   h a v e   n o t   y e t   b e e n   f u l l y   r e s o l v e d .  

4 .  Interconnected  Systems 

Suppose now  we have N subsys tems,   such   tha t  
f o r  a l l  i t h e   i t h   s u b s y s t e m  Gi is d i s s i p a t i v e  
o r   c y c l o d i s s i p a t i v e   w i t h   r e s p e c t   t o  some 
(Qi, Si,  Ri). Let the   subsys tems  be   in te rconnec ted  
v l a  

N 

where u .  and  y .  are t h e   i n p u t  and  output  of 
Gi, the' u ar& e x t e r n a l   i n p u t s ,  and t h e  H 
are memoryless   bounded  l inear   opera tors .   In  a$ 
o b v i o u s   n o t a t i o n ,   t h e   a b o v e   c o n s t r a i n t s  may be  
w r i t t e n  more  compactly  as 

e i  

u = ue - Hy 

The i n p u t  and o u t p u t   o f   t h e   o v e r a l l   s y s t e m  are 
t a k e n   t o   b e  u and  y. 

Let Q = diag{Q1, 42, ..., QN}, 
S = diag{SI ,  S p ,  ..., SN}  and R = diagIR1, Rz, . . . D e f i n e   t h e   o p e r a t o r  

B = Q + H * R H - S H - H S  * *  

(where  the * d e n o t e s   a d j o i n t ) .  

Theorem  3: Tf a l i  subsystems are 
d i s s i p a t i v e   a n d  Q is n e g a t i v e   d e f i n i t e ,  
t h e n   t h e   o v e r a l l   s y s t e m   h a s   f i n i t e   g a i n .  

Proof: We have N i n e q u a l i t i e s   o f   t h e   f o r m  
(1). By add ing   t hese ,  i t  may be shown t h a t   t h e  
y e r a l l  system is  (Q, S ,  R) - d i s s i p a t i v e ,  where 
Q is  g iven  by (3)  and  the  forms  of S and R 
are of no i n t e r e s t .  (The d e t a i l s  of t h i s  
d e r i v a t i o n   a r e   i d e n t i c a l   t o   t h o s e   f o r   t h e  
c l o s e l y   r e l a t e d   r e s u l t   i n   [ l ] ) .  The r e s u l t   t h e n  
fol lows  f rom Theorem 1. 

Theorem 4 :  I f  a l l  subsys t ems   a r e  
c y c l o d i s s i p a t i v e   a n d   u n b i a s e d   i n   t h e   s e n s e  
t h a t  (0,  y . )  E G .  imp l i e s  y .  = 0, i f  
8 is  n o n p o i i t i v e l d e f i n i t e ,   i t ' t h e   o v e r a l l  
system i s  c a u s a l ,   a n d   i f  a t  least one 
subsystem i s  n o t   d i s s i p a t i v e ,   t h e n   t h e  
o v e r a l l   s y s t e m  is  n o t   s t a b l e .  

Proof: A s  i n   T h e o r p  2,  it may be  shown t h a t  
the  ove_ral l   system i,s (Q, S ,  R) ; c y c l o d i s s i p a t i v e ,  
where S = S - H*R, R = R ,  and Q is  g iven  by 
equa t ion   (3 ) .  Now s u p p o s e   t h a t ,   f o r  some k ,  
subsystem 
b u t   n o t  ( t k  S R ) - d l s s i p a t i v e .  Then t h e r e  

i s  (Qk, Sk, R ) - c y c l o d i s s i p a t i v e  

e x i s t s  a (k;, +,) k Gk and some T E T such 
t h a t  

k 

A h  A 

Now t h e   a b o v e   d e f i n i t i o n s   o f  Q ,  S and R are 
s u c h   t h a t  

( R e c a l l   t h a t  u and a r e  
of  subsystem  hi). C h k e  an  
s u c h   t h a t  

u = H  7 f o r  i # k  e i  i k  k 

T T 

t he   i npu t   and   ou tpu t  
e x t e r n a l   i n p u t  u 

e 

uek = uk + H y 
- 

kk k 
- 

With t h i s   e x t e r n a l   i n p u t   t h e r e   c o r r e s p o n d s  a 
s o l u t i o n  u of ( I  + HG) u = u s u c h   t h a t  
u = 0 f o r  i f k,  and uk =gk. The 
cor responding   subsys tem  outputs  are y = 0 
f o r  i f k,  and = . The  above sum i s  i 

t h e r e f o r e  negativ:!or :k least  one (u , y) 
p a i r ,   w h i c h   s u f f i c e ?  t z  show t h a t   t h e   o c e r a l l  
system is no t  (Q, S ,  R) - d i s s i p a t i v e .  
I n s t a b i l i t y   f o l l o w s   f r o m  Theorem 2. 

i 
- 

5. Discuss ion  

I n  m o s t   a p p l i c a t i o n s ,   t h e   v a r i o u s   l i n e a r  
ope ra to r s   i n t roduced   he re  are m a t r i c e s ;  so t h e  
s t a b i l i t y  tests a r e   s i m p l y  a matter of   checking 
a ma t r ix  Q f o r   n e g a t i v e   d e f i n i t e n e s s .   C h e c k i n g  
t h e   s u b s y s t e m s   f o r   d i s s i p a t i v e n e s s   o r  
c y c l o d i s s i p a t i v e n e s s  may s t i l l  b e   d i f f i c u l t ,   e x c e p t  
fo r   l i nea r   s ing le - inpu t   s ing le -ou tpu t   sys t ems  
w h e r e   t h e   c i r c l e   c r i t e r i o n   [ 5 ]  may be   used .  
C r i t e r i a   f o r   d i s s i p a t i v e n e s s   a r e   a l s o  known [ 4 ]  f o r  
some c l a s ses   o f   non l inea r   sys t ems .  

I t  t u r n s   o u t   [ l ]   t h a t  Theorem 3 (or ,   more 
p r e c i s e l y ,   t h e   s p e c i a l   c a s e   o f  Theorem 3 which 
a p p e a r s   i n   [ l ] )   i n c l u d e s  as s p e c i a l   c a s e s  many of 
t h e   p r e v i o u s l y   p u b l i s h e d   s t a b i l i t y   c r i t e r i a .  I t  
a p p e a r s   l i k e l y   t h a t  Theorem 3 ,  o r  someth ing   c lose  
t o  i t ,  r e p r e s e n t s   t h e  limit i n   s i m p l i c i t y  and 
genera l i ty   o f   what  one c a n   g e t   u s i n g   t h e   p r e s e n t  
approach.  (Although,  obviously,   more  precise 
s t a b i l i t y   c r i t e r i a   c a n   a l m o s t   c e r t a i n l y   b e  
ob ta ined   i f   one  i s  p r e p a r e d   t o   s a c r i f i c e  
s i m p l i c i t y ) .  The s i t u a t i o n   w i t h   r e s p e c t   t o  
i n s t a b i l i t y  is  less s a t i s f a c t o r y ,  and w e  b e l i e v e  
t h a t  Theorem 4 can  probably  be  improved  upon.  For 
example ,   t he   i n t e r r e l a t ionsh ips   be tween   causa l i t y  
and s t a b i l i t y   a r e  s t i l l  no t   fu l ly   unde r s tood .   Th i s  
and s i m i l a r   i s s u e s   r e m a i n   t h e   s u b j e c t  of c u r r e n t  
r e sea rch .  

References  

1. P . J .  Moylan  and D . J .  H i l l ,  " S t a b i l i t y   o f  
Large-Scale  Interconnected  Systems",  IEEE 
Trans .  Automat. Contr., AC-23(2), A p r i l ,  1978. 

683 



2.  J.C.  Willems,  "Dissipative  Dynamic  Systems", 
Archive for Ratioml Mechanics and Analysis, 
45(5), 1972,  323.-393. 

3.  J.C. Willems,  "Qualitative  Behaviour  of 
Interconnected  Systems", Annals of Systems 
Research, 3 ,  1973,  61-80. 

4. D.J. Rill  and  P.J.  Moylan,  "Cyclo- 
dissipativeness,  Dissipativeness  and 
Losslessness  for  Nonlinear  Dynamical Systems',' 
Tech. Report, EE7526,  University  of  Newcastle, 
Australia,  Nov.,  1975. 

5. G. Zames,  "On  the  Input-Output  Stability 
of  Time-Varying  Nonlinear  Feedback  Systems, 
IEEE Trrms. Automat. Contr., AC-11,  1966. 
Part I: 228-238;  Part 11: 465-476. 

6.  M.  Vidyasagar, "L2 - Stability  of 
Interconnected  Systems  Using  a  Reformulation 
of the  Passivity  Theorem", IEEE Trrms. 
Circuits and Systems., CAS-24(11),  Nov., 
1977,  637-645. 

684 


